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We analyze the problem of neutrino oscillations via a fermionic particle detector model inspired by
the physics of the Fermi theory of weak interactions. The model naturally leads to a description of
emission and absorption of neutrinos in terms of localized two-level systems. By explicitly including
source and detector as part of the dynamics, the formalism is shown to recover the standard results
for neutrino oscillations without mention to “flavor states”, which are ill-defined in Quantum Field
Theory (QFT). This illustrates how particle detector models provide a powerful theoretical tool to
approach the measurement issue in QFT and emphasizes that the notion of flavor states, although
sometimes useful, must not play any crucial role in neutrino phenomenology.
I. INTRODUCTION
Neutrinos have become one of the greatest protagonists
in the search for hints of physics beyond the Standard
Model. It is believed that a better understanding of neu-
trino physics could shed light into broad, long-standing
questions in fundamental physics, which include the na-
ture of dark matter [1] and the asymmetry between mat-
ter and antimatter in the universe [2]. One of the most
direct indications that neutrinos provide for the need of
extensions of the Standard Model comes from the phe-
nomenon of flavor oscillations, which implies that the
neutrinos (that are predicted to be massless in the Stan-
dard Model) are actually massive, and that the neutri-
nos with well-defined flavor—which couple directly to the
charged leptons through the weak interactions—are lin-
ear combinations of the neutrinos with well-defined mass.
Despite its apparent simplicity, the description of flavor
states as linear combinations of mass ones has raised im-
portant questions regarding whether this is well defined
within the framework of QFT. Whereas the construction
of a Fock basis of massive neutrinos is straightforward
via standard canonical quantization, the difficulty in for-
mulating Fock states for neutrinos with well-defined fla-
vor [3] makes it relevant to investigate whether a Fock
basis for flavor neutrinos is necessary at all. Indeed, at-
tempts to construct a Fock space for flavor neutrinos [4]
exhibit undesirable features [5] as, e.g., the fact that the
canonical vacuum state would be populated with flavor
neutrinos or that the flavor vacuum state would not be
invariant under time translations. It has been shown,
indeed, that flavor states can be defined only under cer-
tain conditions depending, in general, on the underlying
phenomenological process [6]. As a result, the usual de-
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scription of flavor states as linear combinations of mass
neutrino states turns out to be circumstantial rather than
a fundamental feature of neutrinos physics (for a more
comprehensive discussion see Ref. [7]). In this vein, it
would be fruitful to devise a framework where all neu-
trino phenomenology is entirely rephrased in terms of
neutrinos with well-defined mass [8]. In particular, here,
we focus on the neutrino oscillation phenomenon.
In order to accomplish this goal, it turns out to be use-
ful to think more thoroughly about the process of emis-
sion and detection of neutrinos as an inherent part of the
dynamics. This is efficiently achieved in the framework of
particle detector models. Broadly speaking, particle de-
tectors consist of controllable quantum systems that cou-
ple to quantum fields in a localized region of spacetime.
It has been shown that particle detectors are a powerful
tool in various areas of theoretical physics, which range
from quantum optics to QFT in curved spacetimes. They
provide an appealing operational approach for the prob-
lem of measurement in QFT and have also shed light into
a wide array of phenomena, including, but not restricted
to, the Unruh and Hawking effects [9], entanglement har-
vesting [10], and quantum energy teleportation [11].
A prototype particle detector model is the Unruh-
DeWitt (UDW) one. This is a localized two-level quan-
tum monopole, which couples linearly to scalar fields.
There has been increasing interest, however, in extend-
ing this model to consider the coupling with higher-spin
fields. For instance, the coupling of a detector to the elec-
tromagnetic field has been shown to model interactions
of atoms with light. There have also been proposals of
particle detector models coupling to the linearized grav-
itational field [12] with the intent of probing underlying
quantum effects. It is then just natural to consider a
detector-based framework that describes the coupling to
a fermionic field. As we will see, it is possible to probe
the phenomenon of neutrino flavor oscillations using one
such detector.
It is important to note that Kobach, Manohar, and
McGreevy have recently used a similar strategy to ana-
lyze the oscillation phenomenon for scalar fields [13]. Our
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2present approach, however, does not make use of the ro-
tating wave approximation (which may yield important
differences, e.g., in cases where detector and source cou-
ple to the field for finite times [14]). Our description
based on an explicit interaction action (14) seems also
better suited to include effects due to relative source-
detector motions. Moreover, here, we take a step further
and introduce a fermion detector which is necessary to
treat the oscillation phenomenon in more realistic terms.
The paper is organized as follows. In Sec. II, we review
the usual quantum-mechanical derivation of the oscilla-
tion phenomenon based on flavor and mass states. In
Sec. III, we consider the simplified case where fermionic
fields with flavor mixing are replaced by scalar ones and
show how a suitable UDW model can describe emission
and absorption processes of “scalar” neutrinos. In partic-
ular, it clarifies how the standard picture of flavor oscilla-
tions can be rephrased in terms of detector observables.
As a result, we obtain an exact quantum-field-theoretical
result at the lowest order, which is in agreement with
the standard oscillation probability result in the proper
regime. In Sec. IV, we present a fermionic particle detec-
tor model derived in the context of the Fermi theory. We
apply our model to the process of emission and absorp-
tion of neutrinos, and show under what circumstances it
can recover the scalar result. In particular, it is shown
that one can successfully account for the phenomenon of
flavor oscillations without the need of any notion of flavor
states. In Sec. V, we present our final conclusions.
We will assume metric signature (+,−,−,−) and nat-
ural units, ~ = c = 1, unless stated otherwise.
II. QUANTUM MECHANICS APPROACH TO
NEUTRINO OSCILLATIONS
In the proper regime, the oscillation phenomenon can
be derived using plain quantum mechanics overlooking
the neutrino fermionic nature [15]. We review it here
briefly for further comparison.
Let us denote the state of neutrinos with masses,
mi, i = 1, 2, 3, and momentum p by |νi(p)〉. These states
are regarded as the eigenstates of the free Hamiltonian,
Hˆ, so that they satisfy
Hˆ |νi(p)〉 = ωi(p) |νi(p)〉 , (1)
where ωi(p) =
√
m2i + p
2.
Next, let us define the corresponding flavor states,
|να(p)〉 , α = 1, 2, 3, in terms of the mass states
through the PontecorvoMakiNakagawaSakata (PMNS)
matrix Uαj :
|να(p)〉 =
∑
j
Uαj |νj(p)〉 , (2)
where ∑
j
UαjU
∗
βj = δαβ ,
∑
α
UαjU
∗
αk = δj k. (3)
Flavor states will be labeled by Greek indices α, β =
e, µ, τ , corresponding to the electron, muon, and tau neu-
trinos.
In this context, the neutrino oscillation phenomenon
is associated with the nonconservation of the neutrino
flavor between production and detection. Indeed, given
that the massive neutrinos are eigenstates of the Hamil-
tonian, each one of them evolves in time with a global
phase: |νi(t,p)〉 = e−iωi(p)t |νi(p)〉. It follows, then, that
the time evolution of the flavor neutrinos is given by
|να(t,p)〉 =
∑
j
Uαje
−iωj(p)t |νj(p)〉 . (4)
The amplitude associated with emitting |να(p)〉 and mea-
suring |νβ(p)〉 some time latter t is
Aα→β(t) = 〈νβ(p)|να(t,p)〉
=
∑
ij
UαjU
∗
βie
−iωj(p)t 〈νi(p)|νj(p)〉
=
∑
j
UαjU
∗
βje
−iωj(p)t. (5)
Given that neutrinos are ultrarelativistic, mi  |p| ≡ p,
in oscillation experiments, the phases acquired by the
different mass neutrinos can be cast as
ωj(p)t ≈ pL+
m2j
2p
L, (6)
where L ≈ t is the distance travelled by the neutrino in
the time interval t. Hence, Eq. (5) becomes
Aα→β(L) ≈ e−ipL
∑
j
UαjU
∗
βje
−im2jL/2p, (7)
which yields the following probability for the process
Pα→β ≈
∣∣∣∣∣∣
∑
j
UαjU
∗
βje
−im2jL/2p
∣∣∣∣∣∣
2
. (8)
Equation (8) agrees with every neutrino oscillation ex-
periment to date. This encodes the essence of the phe-
nomenon, where the phase difference acquired between
different mass neutrinos is proportional to the difference
between the squared masses.
It is remarkable how much can be obtained from stan-
dard quantum mechanics neglecting the more detailed
properties of the particles under consideration. A more
fundamental description of the phenomenon, however,
begs for a QFT analysis. This is necessary, e.g, to make
a precise sense of the “≈ ” symbols introduced in the
derivation above.
A more fundamental description of the phenomenon,
however, would entail a model within the framework of
QFT. In this context, the mass neutrinos would be asso-
ciated with quantum fields νˆi(x), for which one can de-
fine creation and annihilation operators associated with
3neutrinos and anti-neutrinos through canonical quanti-
zation. The states |νi(p)〉 should be identified with the
one-particle states in the Fock space for their respective
fields. In the QFT context, the mixing is encoded in the
fields rather than in the states:
νˆα(x) ≡
∑
j
Uαj νˆj(x), (9)
where νˆα(x) is seen as the quantum field associated with
the α-flavor neutrino. Hence, |να(p)〉 defined in Eq. (2)
should be seen as phenomenological states [7]. Since the
spectrum of real particles of the theory is only well under-
stood with respect to the fields with well-defined mass,
the quantum-mechanical approach described in this sec-
tion should then be seen, at best, as a good first approx-
imation.
The next sections will be devoted to showing how the
neutrino oscillation phenomenon can be fully understood
within the framework of QFT endowed with a suitable
neutrino detector, which will allow us to include the neu-
trino production and detection in the analysis.
III. SCALAR NEUTRINO OSCILLATIONS VIA
UNRUH-DEWITT DETECTORS
In a very broad sense, the conceptualization of a theo-
retical framework for neutrino oscillations that does not
evoke flavor states can naturally be accommodated by a
more careful analysis of how flavor oscillations are mea-
sured. One way of obtaining such a framework is by em-
ploying particle detectors, which are very well adapted
to the intuitive picture of localized emission and absorp-
tion of particles. Moreover, from a fundamental point
of view, measurements in QFT are better understood in
terms of particle detectors. The most famous detector
model is the UDW one. It consists of a first-quantized
two-level system whose internal structure can, to a good
approximation, be described by a nonrelativistic system,
which couples linearly to a real scalar field in a localized
region of space and time.
The interaction action of a pointlike UDW detector
with monopole moment µˆ(τ) coupled to a real scalar field
φˆ(x) is
SI = −λ
∫ +∞
−∞
dτχ(τ)µˆ(τ)φˆ(x(τ)). (10)
Here, λ is a coupling constant, x(τ) denotes the trajec-
tory of the detector parametrized by its proper time τ ,
and χ(τ) is a switching function that is responsible for
dictating the temporal profile of the interaction strength.
Let us define (in the interaction picture)
µˆ(τ) ≡ σˆ+(τ) + σ−(τ) (11)
with σˆ±(τ) ≡ e±iΩτ σˆ±, where
σˆ+ = |e〉〈g| and σˆ− = |g〉〈e| , (12)
are raising and lowering operators, respectively, connect-
ing the ground, |g〉, and excited, |e〉, states of the two-
level system and Ω is the corresponding proper energy
gap. For later comparison, let us recast Eq. (10) as
SI = −λ
∫ +∞
−∞
dτ χ(τ) [σˆ+(τ)φˆ(x(τ)) + σˆ−(τ)φˆ(x(τ))].
(13)
Now, let us write the interaction action for a (scalar)
neutrino coupled with a source, s, and detector, d, both
of them modeled by UDW two-level systems as
SI = − λs
∫ +∞
−∞
dτsχs(τs)µˆs(τs)φˆα(xs(τs))
− λd
∫ +∞
−∞
dτdχd(τd)µˆd(τd)φˆβ(xd(τd)), (14)
where τs and τd are the source and detector proper times,
respectively. We are considering a setup where the source
and detector couple to flavor neutrino fields φˆα(x) and
φˆβ(x), respectively. They are defined as linear combina-
tions of the neutrino fields with well-defined mass, φˆj(x),
as
φˆζ(x) =
∑
j
Uζj φˆj(x), ζ = α, β, (15)
where the PMNS matrix Uζj is real in the scalar case.
For the sake of further comparison, let us use Eq. (11) to
rewrite Eq. (14) as
SI = − λs
∫ +∞
−∞
dτsχs(τs)σˆ
−
s (τs)φˆα(xs(τs))+H.c.
− λd
∫ +∞
−∞
dτdχd(τd)σˆ
−
d (τd)φˆβ(xd(τd))+H.c.(16)
The process which will represent an oscillation experi-
ment has, thus, the following initial and final states
|i〉 = |0〉 |es〉 |gd〉 and |f〉 = |0〉 |gs〉 |ed〉 , (17)
respectively, where |0〉 is the vacuum state of the three
neutrino mass fields (i.e., the state that is annihilated by
all the annihilation operators of the mass neutrino fields).
Thus, the oscillation event is rephrased in terms of
states associated with the source and detector with no
intermediate state for the neutrino fields themselves be-
ing assumed – see Fig. 1. What would be otherwise inter-
preted as the “emission of an α-neutrino” and “detection
of a β-neutrino” is understood now as the “deexcitation
of an α-source” and “excitation of a β-detector”, respec-
tively.
Assuming that both source and detector follow inertial
trajectories at rest with respect to each other, there is a
Cartesian coordinate system (t,x) where the worldlines
can be parametrized by
xs(τs) = (t,0) and xd(τd) = (t,L), (18)
4Figure 1: The figure illustrates our understanding of the os-
cillation process. In the naive quantum mechanical approach
a flavor neutrino “|φα〉” is emitted due to some source deex-
citation and oscillates up to the detection moment. (We are
assuming that the source-detector distance is not larger than
the decoherence length.) In the present approach, the source
deexcitation emits coherently three (well-defined) mass neu-
trinos which eventually excite the detector. The design of the
oscillation experiment is codified in the α and β flavor labels
present in the interaction action (16). For the DUNE, e.g.,
α = µ and β = e, µ, τ .
with |L| ≡ L = const being the distance between source
and detector.
It is straightforward to read the corresponding inter-
action Hamiltonian from Eq. (16):
VˆI(t) = λsχs(t)σˆ
−
s (t)φˆα(xs) + H.c.︸ ︷︷ ︸
= Vˆs(xs)
+ λdχd(t)σˆ
−
d (t)φˆβ(xd) + H.c.︸ ︷︷ ︸
= Vˆd(xd)
(19)
and so, up to the lowest order in perturbation theory, the
oscillation amplitude is
Aα→β = 〈f | T exp(iSI) |i〉
= −
∫ +∞
−∞
dt
∫ t
−∞
dt′ 〈f | Vˆs(t)Vˆd(t′) + Vˆd(t)Vˆs(t′) |i〉 ,
where T is the time-ordering operator. By evaluating it,
we obtain
Aα→β = −λsλd
∑
j
UαjUβj
∫
d3pj
(2pi)3
1
2ωj(p)
× [Fj(p)e−ipj ·L +Gj(p)eipj ·L] , (20)
where
Fj(p) ≡
∫ +∞
−∞
dt
∫ t
−∞
dt′χs(t)χd(t′)
× ei(Ωd+ωj(p))t′e−i(Ωs+ωj(p))t, (21)
Gj(p) ≡
∫ +∞
−∞
dt
∫ t
−∞
dt′χd(t)χs(t′)
× e−i(Ωs−ωj(p))t′ei(Ωd−ωj(p))t, (22)
ωj(p) =
√
|pj |2 +m2j , and we have used
〈0|φj(x)φk(x′) |0〉 = δjk
∫
d3pj
16pi3ωj(p)
e−ipj ·(x−x
′). (23)
(We would rather use ωj(p) than ωj(pj) to simplify the
notation.)
In order to make further progress, we choose a par-
ticular temporal profile for the source and detector in-
teractions with the field. Our source will remain cou-
pled to the field for an arbitrarily long time, whereas
the detector is kept switched on during the time inter-
val ∆t ≡ t1 − t0 > 0. The following switching functions
model quite well this setup:
χs(t) = e
−|t|, χd(t) = Θ(t− t0)−Θ(t− t1), (24)
where Θ(t) is the Heaviside step function, and  is a small
regulator introduced to guaranty that the integrals con-
verge at t→ ±∞.
By using Eq. (24) to calculate Eqs. (21)-(22), we obtain
Fj(p) = − ∆T
Ωs + ωj(p)
, (25)
Gj(p) =
∆T
Ωs − ωj(p) , (26)
where
∆T ≡ e
i∆Ωt1 − ei∆Ωt0
∆Ω
= 2i exp[i(∆Ω(t0 + t1)/2]
sin (∆Ω∆t/2)
∆Ω
, (27)
∆Ω ≡ Ωd − Ωs, and we have taken  → 0 at the end.
Using Eqs. (25)–(26) in Eq. (20), we write the oscillation
amplitude as
Aα→β = −λsλd∆T
∑
j
UαjUβj
∫
d3pj
(2pi)3
eipj ·L
Ω2s − ω2j (p)
= i
λsλd
4pi2L
∆T
∑
j
UαjUβj
∫ +∞
−∞
dpj
pj e
ipjL
Ω2s − ω2j (p)
,(28)
where pj ≡ |pj | and L ≡ |Lj |. The integral above can be
solved via the residue theorem once the poles in the real
axis are properly circumvented (see Fig. 2). As a result,
one obtains
Aα→β = λ
2
4piL
∆T
∑
j
UαjUβje
i∆jL, (29)
where ∆j ≡
√
Ω2s −m2j and we have defined λ2 ≡ λsλd.
5Figure 2: Contour of integration used to evaluate Eq. (28).
The two poles in the real axis are at pj = ∓∆j with ∆j ≡√
Ω2s −m2j .
Thus, using Eq. (27) in Eq. (29), we can write the
probability of an “α-flavor” neutrino to be detected as a
“β-flavor” neutrino as
|Aα→β |2 = λ
4
16pi2L2
[
sin (∆Ω∆t/2)
∆Ω/2
]2∣∣∣∣∣∣
∑
j
UαjUβje
i∆jL
∣∣∣∣∣∣
2
.
(30)
The quotation marks introduced above stress that by α-
flavor (β-flavor) neutrino we actually mean a neutrino
“produced (detected) through a weak process involving
the corresponding α-lepton (β-lepton).” Note that the
overall prefactor 1/L2 in Eq. (30) is just expected since it
encodes the area-law decay associated with isotropically-
emitting sources.
Next, let us consider the particular case where the de-
tector is kept turned on for an arbitrarily long time in-
terval. In this case,
lim
∆t→+∞
[
sin (∆Ω∆t/2)
∆Ω/2
]2
= 2piδ(Ωd − Ωs)∆t, (31)
where ∆t is associated with the (arbitrary long) detector
proper time. Using Eq. (31) in Eq. (30), we obtain the
correspoding (stationary) detector excitation rate as
Γα→β ≡ lim
∆t→+∞
|Aα→β |2
∆t
=
λ4
8piL2
δ(Ωd − Ωs)
∣∣∣∑
j
UαjUβje
i∆jL
∣∣∣2. (32)
The delta function guarantees energy conservation in
the ideal case where the detector is kept permanently
switched on (no external agent is present making work
to turn on/off the detector).
Finally, the familiar Eq. (8) can be recovered after one
normalizes Eq. (32):
Pα→β = Γα→β∑
β′ Γα→β′
=
∣∣∣∣∣∣
∑
j
Uα jUβ je
i∆jL
∣∣∣∣∣∣
2
. (33)
This is an exact result up to the lowest order. In order to
recover the approximate result (8), we must impose that
the source produces ultrarelativistic neutrinos: mj  Ωs,
in which case
∆j ≈ Ωs −
m2j
2Ωs
. (34)
It should be clear, therefore, that the usual UDW
scalar model is capable of capturing the main features
of neutrino oscillations without any assumption about
the form of the neutrino fields as they travel from the
source to the detector. In particular, we did not have to
assume any wave packet profile for the emitted neutrinos
and, most remarkably, we never had to assume that the
states describing the neutrinos participating in the cou-
pling with source and detector were “flavor eigenstates”.
The phenomenon can be understood entirely in terms of
Fock states associated with the neutrino fields with well-
defined mass.
IV. NEUTRINO OSCILLATIONS VIA
FERMIONIC PARTICLE DETECTORS
Now, let us take a step further and treat the neu-
trinos as fermionic fields. For this purpose, we must
generalize the UDW two-level scalar system to couple
with fermionic fields. Section IV A below is dedicated
to present this new particle detector model. Then, in
Sec. IV B we use it to investigate the oscillation phe-
nomenon.
A. The Model
The paradigmatic process which will motivate our
fermion detector comes from β-decay:
n→ p+ e− + ν¯e. (35)
At energies much lower than the W - and Z-boson masses,
this process is well described by the Fermi theory of the
weak interactions, where the proton (p), neutron (n),
electron (e), and neutrino (ν) fields interact via a point-
like current-current coupling. We will take the La-
grangian that describes the process to be
L4F = −GF√
2
[ (
ˆ¯νeγ
µ(1− γ5)eˆ) (ˆ¯nγµ(1− γ5)pˆ)+ H.c.],
(36)
where GF = 1.17 × 10−5 GeV−2 is the Fermi constant
and all fields are treated as massive Dirac fermions. The
projection operator PL ≡ (1/2)(1− γ5) appears because
charged-current in weak interactions only couple to left-
chiral fermions, as is well known. The Lagrangian (36)
is motivated by taking the charged-current interaction
term in the Fermi theory (which explicitly involves the
coupling between electrons, neutrinos, and quarks) and
6replacing the up and down quarks by the proton and the
neutron, respectively. The heuristics behind this is the
picture of the transition n→ p as implicitly udd→ uud.
The actual effective Lagrangian that better describes this
process is in fact more complicated than this [16], but
such additional complications will be mostly irrelevant
for our following discussion.
The first main idea to devise our particle detector is
to think of the neutron-proton as quantum states of a lo-
calized two-level nucleon to be described through a semi-
classical current. This has been explored elsewhere [17]
but here we show how this can be naturally motivated
from the 4-fermion theory itself. After this, we will be
able to see a transition neutron → proton as a nucleon
deexcitation, while the emitted neutrino will induce the
reverse process, proton → neutron, at the detector.
In order to build the raising and lowering operators
acting on the nucleon Hilbert space, let us begin recalling
the free Dirac field expansion:
fˆ(x) =
∑
s=±1
∫
d3k√
16pi3ωk
(us(k)bˆs(k)e
−ik·x
+ vs(k)cˆ
†
s(k)e
ik·x), (37)
where us(k) and vs(k) are positive and negative fre-
quency solutions with helicity s and momentum k of the
Dirac equation (see, e.g., Ref. [17]) and bˆs(k) and cˆs(k)
†
are creation and annihilation operators of particles and
antiparticles, respectively, satisfying
{bˆs(k), bˆ†s′(k′)} = {cˆs(k), cˆ†s′(k′)} = δ3(k − k′)δs,s′ .
By using Eq. (37), we obtain
ˆ¯nγµ(1− γ5)pˆ = 1
(2pi)3
∑
s,s′
∫
d3k√
2ωn(k)
d3k′√
2ωp(k′)
× ei[(ωn(k)−ωp(k′))t−(k−k′)·x]
× [u¯s,n(k)γµ(1− γ5)us′,p(k′)]
× bˆ†s,n(k)bˆs′,p(k′) + . . . , (38)
where we only display the term that contains the creation
of a neutron and annihilation of a proton, corresponding
to the nucleon excitation.
One can heuristically think of the sum over momenta in
Eq. (38) as implementing a spatial profile for the proton-
neutron system, which is assumed to be localized at the
atom’s location. Thus, the nucleon will be effectively
pictured as a nonrelativistic quantum system following
a well-localized spatial trajectory. This can be modeled
by a classical current jµ(x) with support on the nucleon
with its quantum nature being encompassed by the in-
ternal degree of freedom of a two-level system. As a re-
sult, we replace the positively-charged hadronic current
in Eq. (36) as follows:
ˆ¯nγµ(1− γ5)pˆ→ jµ(x)ei∆Mτ σˆ+, (39)
where ∆M ≡Mn −Mp with Mn and Mp being the neu-
tron and proton masses, respectively, τ represents the
proper time associated with the center-of-mass trajec-
tory, and σˆ+ is the two-level-system raising operator.
Hence, the interaction Lagrangian (36) becomes
LI = −GF√
2
jµ(x)[e
i∆Mτ σˆ+
(
ˆ¯νeγ
µ(1− γ5)eˆ)
+ e−i∆Mτ σˆ−
(
ˆ¯e(1 + γ5)γµνˆe
)
]. (40)
The effect of taking the more complete effective La-
grangian for nuclear β-decay from [16] here would simply
amount to a refined expression for the current jµ(x), with
no conceptual impact in our discussion from now on. We
note that we are not including any degree of freedom cor-
responding to the nucleon helicity and, thus, we do not
consider here processes involving exchanges of angular
momentum.
Now, we take a step further and expand the electron
field using Eq. (37) [21] to include it in the detector
model. By doing so, we can write
ei∆Mτ (1− γ5)eˆ =
∑
s=±1
∫
d3k√
(2pi)32ωe(k)
×ei[Mn−Mp−ωe(k)]τeik·xψˆs,e(k) + . . . ,
(41)
where we have defined
ψˆs,e(k) ≡ (1− γ5)us,e(k)aˆs,e(k) (42)
and we only display the term associated with the nucleon
“excitation”:
p+ e− + ν¯e → n. (43)
It is important to note that, for each electron mode
with momentum k, the exponential time dependence in
Eq. (41) strongly suggests we interpret Ω ≡Mn −Mp −
ωe(k) (including the energy carried by the electron) as
being the effective energy gap for the fermion detector.
In this sense, the presence of an auxiliary fermion at the
detection (see Fig. 3) allows us to see our fermion de-
tector as a collection of UDW detectors with different
energy gaps.
By focusing on one particular energy gap, we use
Eq. (40) to write our detector-neutrino interaction ac-
tion as
SI = −GF√
2
∫
d4x
√−gjµ(x)[σˆ+(τ)ˆ¯ναγµψˆ
+ σˆ−(τ) ˆ¯ψγµνα], (44)
where σˆ±(τ) = e±iΩτ σˆ±, as in the scalar case. We have
replaced e → α, since the detector can be used to mea-
sure any neutrino. It is important to keep in mind that
hereafter the energy gap Ω will include the lepton energy
that participates in the process. Here,
ψˆ ≡
∫
S(k0,δk)
d3k√
(2pi)32ωα(k)
(1− γ5)us,α(k)aˆs,α (45)
7where S(k0, δk) is a spherical shell centered at radius k0
and with thickness 2δk. ψˆ encodes the spinorial nature
of the charged lepton which couples to the neutrino in
the process. This is a left-chiral spinor operator, where
us,α(k) is the Dirac spinor computed at the central value
of the lepton-α momentum distribution (with dispersion
δk), and aˆs,α is the corresponding annihilation operator.
(Note also that ψˆ is “nondynamical” in the sense that
the lepton dynamics has already been accounted for in
the definition of the effective energy gap.)
A convenient orthonormal basis for the Hilbert space
associated with our fermion detector is
{|g〉 |0〉 , |g〉 |1〉 , |e〉 |0〉 , |e〉 |1〉},
where σˆ±(τ) acts on |g〉 and |e〉, as in the scalar case,
and [22]
ˆ¯ψ |0〉 ≡ Ψ¯ |1〉 , ψˆ |1〉 ≡ Ψ |0〉 , ˆ¯ψ |1〉 = ψˆ |0〉 ≡ 0. (46)
Equation (44) comprises the interaction action of our
detector with the fermionic field. For our purposes, it
will be enough to consider the particular case where it is
strictly pointlike. In this case,
jµ(x) =
δ(3)(x− x(τ))√−gu0 u
µ(τ), (47)
with uµ(τ) being the detector’s 4-velocity. As a conse-
quence, the interaction action (44) becomes
SI = −λ
∫ +∞
−∞
dτ uµ(τ)χ(τ)
×
[
σˆ+(τ)ˆ¯να(x(τ))γ
µψˆ + σˆ−(τ) ˆ¯ψγµνˆα(x(τ))
]
, (48)
where we have introduced the switching function χ(τ),
as in the scalar case, and λ = GF /
√
2 (for a weakly-
interacting detector). (Compare Eq. (48) with its scalar
counterpart, Eq. (13).)
B. Fermionic oscillation probability
We will now apply the results of Sec. IV A to in-
vestigate the neutrino oscillation phenomenon with our
fermion detector (which includes spinorial degrees of free-
dom absent in the simplified calculation of Sec. III). We
denote the trajectories of detector and source in the same
way we did in Eq. (18). The interaction action for a sys-
tem with source, detector, and neutrinos is now given
by
SI =
− λs
∫
dτsu
(s)
µ (τs)χs(τs)σˆ
−
s (τs)
ˆ¯ψsγ
µνˆα(xs(τs)) + H.c.
− λd
∫
dτdu
(d)
µ (τd)χd(τd)σˆ
−
d (τd)
ˆ¯ψdγ
µνˆβ(xd(τd)) + H.c.,
(49)
which is the fermionic counterpart of Eq. (16), and
νˆα(x) =
∑
j
Uαj νˆj(x). (50)
We will take the particular case where source and detec-
tor are inertial and at rest with respect to each other, as
in Eq. (18). In this case, the 4-velocities of source and
detector in the cartesian frame where both are stationary
are given by
u(s)µ (t) = u
(d)
µ (t) = (1,0). (51)
The interaction Hamiltonian comes from Eq. (49):
HˆI(t) = λsχs(t)σˆ
−
s (t)ψ¯sγ
0νˆα(xs) + H.c.︸ ︷︷ ︸
Hˆs(t)
+λdχd(t)σˆ
−
d (t)ψ¯dγ
0νˆβ(xd) + H.c.︸ ︷︷ ︸
Hˆd(t)
. (52)
The initial and final states associated with emission of
a neutrino and aftermost detection is
|i〉 = |0〉
(
|es〉 |0s〉
)(
|gd〉 |1d〉
)
, (53)
|f〉 = |0〉
(
|gs〉 |1s〉
)(
|ed〉 |0d〉
)
, (54)
where |0〉 codifies that the neutrino only enters as a prop-
agator line and |1s〉, |1d〉 and |0s〉, |0d〉 encode the pres-
ence and absence of the charged lepton coupling to the
neutrino at the source and detector, respectively – see
Fig. 3.
Now, we can compute the oscillation amplitude in com-
plete analogy to the scalar case. Up to the lowest non-
trivial order of perturbation theory, we have
Aα→β = −〈f | T exp(iSI) |i〉
=−
∫ +∞
−∞
dt
∫ t
−∞
dt′ 〈f |(Hˆs(t)Hˆd(t′)+Hˆd(t)Hˆs(t′))|i〉 .
(55)
In order to evaluate it, we use Eq. (52):
Aα→β = −λsλd
∑
j
UαjU
∗
βj
∫
d3pj
(2pi)3
1
2ωj(p)
×Ψ†s
(
Fj(p)(/pj +mj)e
−ip·L
−Gj(p)(/pj −mj)eip·L
)
γ0Ψd, (56)
where /pj ≡ ωj(p)γ0 − pj · γ, functions Fj(p) and Gj(p)
are defined in Eqs. (21) and (22), respectively, and
Ψ¯s = 〈1s| ˆ¯ψs |0s〉 , Ψd = 〈0d| ψˆd |1d〉 (57)
come from Eq. (46). It is worthwhile to note that in
order to get Eq. (56), we have used 〈1s|ψs |0s〉 = 0 and
8Figure 3: The fermionic case is analogous to the scalar one
except for the fact it includes extra fermionic lines associated
with the leptons which turn out to be part of our fermion
detector. The detector deexcitation associated with the neu-
trino emission at the source, |es〉 → (|gs〉 + |1s〉) + “|ν¯α〉”,
should be compared with n → (p + e−) + ν¯e and the after-
most neutrino detection, (|gd〉+ |1d〉) + “|ν¯α〉”→ |ed〉, should
be compared with (p+ e−) + ν¯e → n.
〈0d| ψ¯d |1d〉 = 0 (which makes several contributions in the
Dyson expansion vanish) and the two-point functions
〈0| νˆj(x)ˆ¯νk(x′) |0〉= δjk
(2pi)3
∫
d3pj
2ωj(p)
(/pj+mj)e
ipj ·(x−x′),
(58)
〈0| ˆ¯νk(x′)νˆj(x) |0〉= δjk
(2pi)3
∫
d3pj
2ωj(p)
(/pj−mj)e−ipj ·(x−x
′).
(59)
We can now make further progress with Eq. (56) by re-
calling that both Ψd and Ψs have left chirality [23]:
Aα→β = λsλd∆T
∑
j
UαjU
∗
βj
∫
d3pj
(2pi)3
eipj ·L
Ω2s − ω2j (p)
× Ψ†s(Ωsγ0 − pj · γ)γ0Ψd,
where Fj(p) and Gj(p) were used as in Eqs. (25)
and (26), respectively.
Now, let us assume that either Ψd or Ψs have zero an-
gular momentum in the direction of propagation. Using
that our model assumes that all fermions are left-handed,
it can be shown that the term Ψ¯s(pj ·γ)Ψd does not con-
tribute to the integral. Then,
Aα→β = λsλd∆TΩsΨ†sΨd
∑
j
UαjU
∗
βj
×
∫
d3pj
(2pi)3
eipj ·L
Ω2s − ω2j (p)
= i
λsλd
4pi2L
∆TΩsΨ
†
sΨd
∑
j
UαjU
∗
βj
×
∫ +∞
−∞
dpj
pje
ipjL
Ω2s − ω2j (p)
. (60)
Equation (60) is the fermionic analogue of Eq. (28). By
solving the integral as in the scalar case, we get
Aα→β = λ
2
eff
4piL
∆T
∑
j
UαjU
∗
βje
i∆jL, (61)
where we have defined the effective coupling constant
λ2eff = λsλdΩsΨ
†
sΨd. Notice that λ
2
eff in the fermionic
case depends on the energy gap of the source in con-
trast to λ2 in the scalar case. This so because in the
present fermionic case, λs, λd ∝ GF have a dimension of
energy−2. By recalling , that Ψs, Ψd have dimension of
energy3/2 (see Eq. (45)) and Ω has dimension of energy,
we obtain that λeff is adimensional, as it should be.
It follows, then, that the probability of an “α-flavor”
neutrino to be detected as a “β-flavor” neutrino is
|Aα→β |2 = λ
4
eff
16pi2L2
[
sin (∆Ω∆t/2)
∆Ω/2
]2∣∣∣∣∣∣
∑
j
UαjU
∗
βje
i∆jL
∣∣∣∣∣∣
2
,
(62)
where we have used Eq. (27). The corresponding detector
excitation rate, for its turn, is obtained in the limit where
the detector is turned on for an infinite time interval, as
in the scalar case:
Γα→β ≡ lim
∆t→+∞
|Aα→β |2
∆t
=
λ4eff
8piL2
δ(Ωd − Ωs)
∣∣∣∣∣∣
∑
j
UαjU
∗
βje
i∆jL
∣∣∣∣∣∣
2
. (63)
This is analogous to Eq. (32) with the only difference
being contained in the effective coupling constant. In
contrast to the scalar case, λeff will, in general, depend on
the particular processes used at the source and detector
to produce and observe the neutrinos. Of course, this
information is washed out once Eq. (63) is normalized as
in Eq. (33). Indeed, the relative oscillation probability
among different flavors is the same as in Eq. (33), except
for the fact that in the fermionic case the PMNS matrix
elements can be complex.
V. CONCLUSION
We have successfully described the phenomenon of
neutrino oscillations without the need of flavor states,
9by using particle detectors to model the emission and
absorption of neutrinos in charged-current weak interac-
tions. Inspired by the UDW model, we first introduced
most of the important conceptual elements and calcula-
tions in the framework of particle detectors by describing
a simpler theory, where the flavor mixing occurred be-
tween real scalar fields. With this setup, we have shown
how one can rephrase the standard neutrino oscillation
probability formula in terms of processes directly asso-
ciated with sources and detectors of neutrinos, with an
area-law decay characteristic of isotropic emission by the
source. Most importantly, the result is obtained without
assuming any further knowledge about the propagating
states for the fields.
We then pursued a refinement of the UDW model,
by including spinorial degrees of freedom that couple to
neutrinos treated as fermionic quantum fields. We have
shown how this can be motivated from physically reason-
able simplifications of the 4-fermion theory of weak inter-
actions, which provides a good description of low-energy
processes by which neutrinos are primarily emitted and
absorbed. This demonstrates how we can naturally in-
clude important features of neutrinos that were left out in
the scalar calculation, while remaining in the framework
of localized particle detector models.
Under the assumption that the spin of the nucleons is
unchanged in the processes of emission and absorption
of neutrinos, the fermionic calculation can recover the
same dependence on the distance and on the difference
of squared masses of massive neutrinos that were derived
in the scalar case and coincides with the usual quantum-
mechanical calculation. This supports the intuition that
particle detector models which couple two-level systems
to scalar fields already capture much of the important
physics in processes that do not involve exchanges of an-
gular momentum between detector and field.
Besides, the fermionic detector model devised in
Sec. IV A also leaves new possibilities for future research.
One such example would be the study of how the rela-
tive motion between source and detector may impact the
oscillation phenomenon. From the perspective of rela-
tivistic quantum information, the introduction of a new
fermion-detector model also provides different venues for
probing features of quantum fields that are not fully
grasped by the case of scalar fields.
Finally, our work vindicates Ref. [18], where the valid-
ity of the Unruh effect for mixing neutrinos was shown
using solely mass states for the neutrinos. Therefore, in
general, it is not true that one misses phenomena such
as neutrino flavor oscillations by restricting oneself to a
quantum description in terms of mass states (see, e.g.,
Ref. [19, 20] and reference therein).
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